We present a microstructure-based dual-core dispersion-compensating fiber (DCF) design for dispersion compensation in long-haul optical communication links. The design has been conceptualized by combining the all-solid dual-core DCF and dispersion-compensating photonic crystal fiber. The fiber design has been analyzed numerically by using a full vectorial finite difference time domain method. We propose a fiber design for narrowband as well as broadband dispersion compensation. In the narrowband DCF design, the fiber exhibits very large negative dispersion of around −42;000 ps nm −1 km −1 and a large mode area of 67 μm 2 . The effects of varying different structural parameters on the dispersion characteristics as well as on the trade-off between full width at half-maximum and dispersion have been investigated. For broadband DCF design, a dispersion value between −860 ps nm −1 km −1 and −200 ps nm −1 km −1 is obtained for the entire spectral range of the C band.
Introduction
Dispersion-compensating fibers (DCFs) have been effectively employed to compensate for the accumulated dispersion in long-haul optical communication links operating near the 1.55 μm wavelength. The typical value of the dispersion coefficient for such communication links lies in the range of 10 -20 ps nm −1 km −1 . It is essential to compensate for this accumulated dispersion, since it limits the bandwidth of the communication channel and prevents faithful reproduction of the signal at the receiver end.
Various structures such as all-solid dual-core fibers [1] [2] [3] [4] [5] [6] [7] , dispersion-compensating photonic crystal fibers (DC-PCFs) [8] [9] [10] [11] [12] [13] [14] [15] , Bragg fibers [16] [17] [18] , and higher-order-mode DCFs [19] [20] [21] [22] [23] have been studied in the literature to achieve dispersion compensation. In all-solid dual-core fibers, a maximum dispersion of −14;500 ps nm −1 km −1 and large mode area of 86 μm 2 has been predicted by numerical calculations [7] . The designs based on PCFs and Bragg fibers exhibit much larger dispersion values of up to −23;000 ps nm −1 km −1 [14] and −500;000 ps nm −1 km −1 [17] , respectively. However, these designs have either small mode areas or involve complex fabrication techniques. For instance, the typical mode area associated with DC-PCF is 30 μm 2 for a dispersion value of −19;000 ps nm −1 km −1 [12] . The small mode area inhibits the power transmitted through the fiber because of the introduction of nonlinear effects. Moreover, it also leads to high splice loss when the fiber is joined to a standard optical fiber. On the other hand, designs based on Bragg fiber require stringent fabrication conditions and exhibit high splice loss due to the presence of a hollow core as opposed to a silica core in standard fiber. For higher-order-mode DCFs, the maximum dispersion coefficient achieved is lower than −1200 ps nm −1 km −1 [23] . In this paper, a novel fiber structure has been proposed combining the conventional all-solid dualcore DCF and DC-PCF. With this design, a narrowband DCF with a high negative dispersion of −42;000 ps nm −1 km −1 and large mode area of 67 μm 2 has been achieved. To the best of our knowledge, this is the largest mode area that has been obtained at a dispersion value of −42;000 ps nm −1 km −1 . We have investigated the effect of varying different design parameters on the dispersion characteristics as well as on the trade-off between full width at half-maximum (FWHM) and dispersion for the proposed structure. A short length of the fiber, owing to its large negative dispersion, would efficiently compensate for the accumulated dispersion in an optical fiber communication link. Because of its largemode-area, the fiber will have low splice loss and reduced nonlinear effects. In addition, the dispersion characteristics for a broadband DCF design have also been reported. In this paper, we have extended the work reporting a large-mode-area dual-core microstructured fiber design for dispersion compensation in optical communication systems [24] .
Fiber Design
The proposed fiber has been designed by utilizing the properties of all-solid dual-core DCF and DC-PCF. The transverse cross section of the proposed fiber is shown in Fig. 1 . The radius of the inner core is a, the width of the inner cladding is d 1 , and the width of outer core is d 2 . The inner core is formed by Ge-doped glass with a relative index difference Δ . The outer core is also Ge-doped and is surrounded by outer cladding made of pure silica. The inner cladding consists of pure silica with microstructured air holes of radius r arranged in concentric circular rings. The air holes are equally spaced in each concentric ring with the number of air holes in the nth concentric ring equal to 8n, where n 1;2;3…. The nth concentric ring of air holes is at a distance of l n from the center of the inner core. Similar structures with circularly distributed air holes have been proposed in the literature [25] [26] [27] . The proposed fiber can be fabricated by modifying the stack-and-draw technique to assemble the present structure [27] . In addition, the slurry casting method [28] also provides the flexibility to fabricate the present geometry. In Fig. 1 , the fiber design with two concentric circular rings of air holes is shown.
The proposed fiber design has distinct merits in terms of dispersion management. The structural parameters, viz., a, d 1 , d 2 , r, l 1 , and l 2 , provide immense flexibility in tailoring the dispersion characteristics effectively.
Numerical Results

A. Narrowband Dispersion-Compensating Fiber
In the proposed design, we study the effect of a, d 1 , r, l 1 , and l 2 on resonant coupling and dispersion characteristics. In this study, we have considered r 0.3 μm, d 2 1 μm, and Δ 1%. Dispersion characteristics and mode area of the fiber have been calculated by using a full-vectorial finite-difference time-domain method [29] .
For the dual-core structure, resonant coupling between the inner and the outer cores is achieved by tuning the various structural parameters. We have carried out numerical calculations for a 1.6 μm, d 1 26 μm, l 1 6 μm, and l 2 12 μm. Figure 2 illustrates the mode field pattern of the symmetric and antisymmetric supermodes for the fiber design at a resonance wavelength of 1544 nm.
The variation of effective index n eff with wavelength for both symmetric and antisymmetric supermodes has been plotted in Fig. 3 . At shorter wavelengths, the symmetric mode is confined in the inner core, and it gradually shifts toward the outer core as wavelength is increased. Because of the highly asymmetric nature of inner and outer cores, there is a sharp change in the slope of the effective index near resonance wavelength λ res , which leads to the negative value of dispersion. The dispersion coefficient D is calculated as [30] 
where λ is the wavelength and c is the speed of light in free space. The dispersion curve of the present design can typically be characterized by the minimum value of dispersion coefficient D, resonance wavelength λ res , and the FWHM. These characteristics can be effectively controlled by the structural parameters a, d 1 , r, l 1 , and l 2 .
To illustrate the effect of d 1 on dispersion characteristics, the dispersion curve has been plotted in Fig. 4 at different values of d 1 . With an increase in d 1 , the magnitude of dispersion increases with a slight blueshift in resonance wavelength. A dispersion of −7400 ps nm −1 km −1 has been obtained for d 1 20 μm. With d 1 26 μm, a very high negative dispersion of −42;000 ps nm −1 km −1 has been obtained. With such high negative dispersion, ∼40 m of the fiber will be needed to compensate for the accumulated dispersion in a 100 km conventional single-mode fiber, which is a substantial reduction in fiber length required for dispersion compensation in comparison to previous results [7] .
The trade-off between FWHM and dispersion has been illustrated in Fig. 5 by varying The size and arrangement of air holes play an important role in tailoring the dispersion characteristics of the fiber. In fact, the high negative dispersion value of −42;000 ps nm −1 km −1 has been obtained because of air holes that introduce a large index difference between the air holes and silica. In the proposed fiber design, air holes are arranged in the form of two concentric circular rings. If the number of rings is held at one, then it is not possible to obtain such a high value of negative dispersion as in the proposed design. Further, it has been verified that increasing the number of rings to a large value does not affect the dispersion characteristics much. For instance, on increasing the number of rings to three (at d 1 20 μm), the value of dispersion changed by 4%. Thus, to keep the structure simple, two concentric circular rings have been employed. Moreover, it is to be noted that if the number of air holes in the nth concentric ring is 6n instead of the present 8n, the magnitude of dispersion decreases by about 33% (at d 1 26 μm) .
The effect of varying l 1 on dispersion characteristics and resonance wavelength has been illustrated in Fig. 6 . It is evident from Fig. 6 that keeping d 1 19 μm and bringing the air holes closer to the inner core increases the dispersion significantly with a considerable blueshift in resonance wavelength. It can be seen that for l 1 8 μm, a dispersion of −3500 ps nm −1 km −1 has been obtained at λ res 1594 nm, while the dispersion increases to −42;000 ps nm −1 km −1 for l 1 4 μm and the corresponding λ res 1399 nm. Similarly, increasing the core radius a and decreasing the air hole radius r decreases the magnitude of dispersion, but there is a corresponding redshift in the resonance wavelength λ res .
To observe the effect of varying a and l 1 on the FWHM-dispersion trade-off, the curves in Figs. 7(a) and 7(b) have been plotted by varying the value of d 1 for a given value of a and l 1 , respectively. It can be observed from Fig. 7 that increasing a and decreasing l 1 results in an increase in FWHM at the same value of dispersion. It is to be noted that the effect of varying l 2 is similar to that of varying l 1 , but the extent of change in dispersion characteristics is less in the former case.
One of the key merits of the proposed fiber design is the large mode area associated with it. The mode effective area of a standard Corning SMF-28 fiber is 85 μm 2 . However, the DCFs reported in the literature with high negative dispersion in excess of [11, 12, 14] . This mismatch in the mode area results in high splice losses and significant nonlinear effects [1, 4] . The mode area of the fiber has been calculated by using the following relation [30] :
For the proposed design with a 1.6 μm, d 1 26 μm, and l 1 6 μm, a mode area of 67 μm 2 has been obtained at the resonance wavelength of 1544 nm, and the corresponding dispersion value is −42;000 ps nm −1 km −1 . To the best of our knowledge, this is the largest mode area that has been obtained at a high negative dispersion value of −42;000 ps nm −1 km −1 . Notice that the value of the mode area obtained is very close to that of the standard Corning LEAF and SMF-28 fibers, resulting in low splice losses and negligible nonlinear effects. We have estimated the mode-shape-mismatch loss of the proposed fiber with SMF-28 fiber by calculating the overlap of the modal fields of the two fibers. The value of mode-shape-mismatch loss comes out to be 0.3 dB. Figure 8 shows the spectral variation of mode-effective-area of the fundamental mode of the fiber. For the proposed narrowband DCF design, the bending loss has been calculated to be 0.0133 dB∕m at a bending radius of 3 cm.
In most optical communication systems, the spectral linewidth of the laser source used is of the order of 0.1 nm. For the proposed design, the mode area increases by 58% due to a deviation of 0.1 nm from resonance wavelength while a deviation of −0.1 nm decreases the mode area by 24%.
B. Broadband Dispersion-Compensating Fiber
Using the proposed design, broadband dispersion compensation can be achieved by tuning the parameters a, d 1 , l 1 , l 2 , and Δ suitably. A dispersion of −450 ps nm −1 km −1 is obtained at 1550 nm for a 2.7 μm, d 1 8 μm, l 1 4 μm, l 2 8 μm, and Δ 0.48%. The parameters have been optimized to obtain maximum dispersion in the C band. The resultant dispersion curve is illustrated in Fig. 9 with the dispersion varying between −860 ps nm broadband DCF has been calculated to be 0.9 dB∕m at a bending radius of 8 cm.
Conclusion
We have presented a novel microstructured dualcore DCF by combining the designs of all-solid dual-core DCF and DC-PCF. The structure has been implemented by introducing two concentric rings of air holes in the inner cladding of the fiber. The dispersion characteristics of the present fiber design have been analyzed by full-vectorial finite-difference time-domain method. The narrowband DCF exhibits very large negative dispersion of around −42;000 ps nm −1 km −1 , and the corresponding mode effective area is 67 μm 2 . The effects of varying various structural parameters on the dispersion characteristics as well as on the FWHM-dispersion trade-off have also been investigated. For broadband DCF design, a dispersion value between −860 ps nm 
